Several animal models generated by genome editing methods develop somatic mosaic mutations including wild-type genome sequence in F0 generation because it is difficult to use editing tools at the one-cell stage. Producing complete knockout animals quickly is a great advantage in determining the function of target genes. This study investigated the generation of F0 knockout medaka using the CRISPR/Cas9 system. To determine whether this editing system induced mutations in the medaka genome at the one-cell stage, recombinant Cas9 protein, tracrRNA and crRNA for dead end (dnd), which is essential for germ cell development, were injected into one-cell stage embryos of olvas-DsRedExpress transgenic medaka. This allowed germ cells to be visualized by DsRed fluorescence. Genomic DNA extracted from embryos at the one-cell stage was analyzed by sequencing. Predictably, biallelic mutated sequence patterns in the target sites of dnd were found in the injected embryos. To investigate the phenotypes of the mutated fish, fluorescent and histological observations of germ cells were carried out using fry and adults. The mutations resulted in a complete loss of germ cells, suggesting loss of function of dnd in the injected embryos. Therefore, this system appears to be extremely effective for the production of F0 knockout medaka.
Introduction
The clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) system is a useful tool for genome editing in various species. In teleost fish, the CRISPR/Cas9 system was reported to be a powerful tool in zebrafish (Danio rerio) (Chang et al. 2013; Hwang et al. 2013a,b; Jao et al. 2013) , medaka (Oryzias latipes) (Ansai & Kinoshita 2014) , tilapia (Oreochromis niloticus) Zhang et al. 2014; Feng et al. 2015) , Atlantic salmon (Salmo salar L.) (Edvardsen et al. 2014) , Southern catfish (Silurus meridionalis) , Atlantic killifish (Fundulus heteroclitus) (Aluru et al. 2015) and African turquoise killifish (Nothobranchius furzeri) (Harel et al. 2015) . Several animals produced by genome editing including the CRISPR/Cas9 system developed somatic mosaic mutations, including wild-type genome sequences in the first (F0) generation, because it is difficult to use editing tools at the one-cell stage in animals. Producing knockout animals quickly is useful in determining the function of target genes. Recent studies reported specific biallelic mutations for target genes in the F0 generation of zebrafish (Jao et al. 2013) or Atlantic salmon (Edvardsen et al. 2014) by injecting specific guide RNA (gRNA), originally developed by fusing CRISPR RNA (crRNA) and trans-activating crRNA (tracrRNA) (Jinek et al. 2012) , and synthetic Cas9 RNA, prepared using an in vitro transcription system, using the CRISPR/Cas9 system. However, more effective and simple methods are required for the production of complete and stable F0 generation knockout animals.
Recently, it has been reported that the injection of synthetic crRNA and tracrRNA with Cas9 protein in zebrafish rapidly induced genome modifications compared with an injection of gRNA and synthetic Cas9 RNA, although it remains unclear whether this simple method induced complete defects in the F0 generation (Kotani et al. 2015) . Thus, this method would be very advantageous because it could induce multiple genome modifications for the highly effective production of complete F0 knockout animals.
Medaka are small fish with several desirable features for use as a model organism, including a short generation time, small genome size and the availability of numerous useful strains (Ishikawa 2000) . Transgenic (Tg) and gene knockdown techniques have been useful in medaka (Ozato et al. 1986; Shiraishi et al. 2008) . Furthermore, gene knockout using the CRISPR/Cas9 system has already been established in medaka (Ansai & Kinoshita 2014) . Thus, medaka is an excellent vertebrate model for the molecular genetic analysis of various biological phenomena, including germ cell development. Here, we generated F0 knockout medaka using the CRISPR/Cas9 system by injecting a synthetic crRNA, a universal tracrRNA and recombinant Cas9 protein. Moreover, we completely depleted gene function by bracketing functional domains using specific two crRNAs for one gene. We selected two genes, the germline-specific dead end (dnd), which encodes an RNA-binding protein essential for germ cell development (Liu et al. 2009; Hong et al. 2016) , and the germline-nonspecific arginine vasotocin (avt) (Kawabata et al. 2012; Yokoi et al. 2015) , a nonmammalian homologue of arginine vasopressin, to establish this system and investigated the phenotypes of germ cells in medaka injected with a crRNA-tracrRNA-Cas9 complex.
Results
Observation of biallelic mutations in one-cell stage embryos by injection of crRNA-tracrRNACas9 complex
In this study, we selected two target sequences to obtain wide-range deletion mutations that deleted the functional regions. The target sequences of the CRISPR/Cas9 system and primers for genome PCR analysis are shown in Fig. 1A ,B (detailed sequences in Fig. S1 , Table S1 in Supporting Information). The result of genome dnd-specific PCR using fry at 0 days post-hatching (dph) showed bands of dnd-crRNA (400 ng/lL) injected with tracrRNA and Cas9 protein (dnd CRISPR) were approximately 130 bp, whereas bands of the wild-type (WT) and avt-crRNA (400 ng/lL) injected with tracrRNA and Cas9 protein (avt CRISPR) were approximately 600 bp (Fig. 1C, left side) . For the avt-specific PCR, bands of avt CRISPR were approximately 100 bp, whereas bands for WT and dnd CRISPR were approximately 1000 bp (Fig. 1C, right side) . These results indicate that the CRISPR/Cas9 system affected individual specific genes. To determine the detailed genotype of these mutations, we carried out sequence analysis for dnd and avt CRISPR using one-cell stage embryos and 0-dph fry. For one-cell stage embryos, we detected mutation pattern sequences without a functional domain, where the predicted deletion region was bracketed by two crRNAs ( Fig. 2A) . For 0-dph fry, we detected various mutation sequences without functional domains (Fig. 2B) . Thus, all dnd CRISPR and avt CRISPR mutations showed predictable deleted regions bracketed by two crRNAs. However, when low concentration (100 ng/lL) of crRNA was injected with tracrRNA and Cas9 protein, the functional domains bracketed by two crRNAs remained in two of four dnd-crRNA-injected medaka and one of four avt-crRNA-injected fish (Table S2 in Supporting Information), suggesting that this mutation efficiency is in dose-dependent manner.
Absence of germ cells in dnd CRISPR-injected medaka
We observed the phenotypes of dnd and avt CRISPR compared with WT in the gonads of 0-dph fry and 2-month adults. DsRed fluorescent analysis showed germ cells were present in WT and avt CRISPR fry (Fig. 3D,F ), but not in dnd CRISPR fry (Fig. 3E ). In addition, the histological examination of 0-dph fry showed germ cells had disappeared and only gonadal somatic cells were present in dnd CRISPR XY and XX (Fig. 3H,K) , whereas the germ cells in WT and avt CRISPR XY and XX were present normally ( Fig. 3G ,J,I,L). Furthermore, there were no germ cells in serial sections of gonads from dnd CRISPR regardless of sex (Fig. 3Q ). In contrast, the germ cells were present in avt CRISPR similar to WT. Histological examination of 2-month adults showed typical testes and ovaries containing many germ cells in WT XY and XX adults, respectively (Fig. 3M,O) , whereas small gonads containing only gonadal somatic cells but not germ cells were observed in dnd. CRISPR XY and XX adults ( Fig. 3N,P ). This confirmed the loss of red fluorescence at the hatching stage. These germ cells were abolished completely in all dnd CRISPR XY (n = 2) and XX (n = 4) adults.
Analysis of off-target frequency
To assess the targeting specificity of our CRISPR/ Cas9 system, we searched for genomic sequences similar to the target sequences for dnd and avtcrRNAs, using Pattern Match-CRISPR system (http://viewer.shigen.info/medakavw/crisprtool/) and found two sites with two base-mismatched sequences as potential off-target sites: one for dnd-1 and another for avt-2 (Table S3 in Supporting Information). In four samples with induced dnd mutations, only one was confirmed to have one deleted mutation in the dnd-1-like sequence, whereas in four samples with induced avt mutations, all samples were confirmed to have indel mutations in the avt-2-like locus sequence (Fig. S2 , Table S3 in Supporting Information).
Discussion
In this study, we successfully generated F0 dnd knockout medaka using the CRISPR/Cas9 system by injecting two specific crRNAs, tracrRNA and recombinant Cas9 protein. PCR results showed that two crRNAs completely bracketed the functional domains in dnd and avt genes. Moreover, sequence analysis showed that biallelic mutation of a targeted locus is possible even at the one-cell stage. Thus, this system appears to be extremely effective for the production of F0 knockout medaka.
Recently, although it was reported that the CRISPR/Cas9 system can induce specific biallelic mutations for the target genes in the F0 generation by injecting specific gRNA and synthetic Cas9 RNA in zebrafish (Jao et al. 2013) and Atlantic salmon Genes to Cells (2017) 22, 756-763 (Edvardsen et al. 2014) , this system is time-consuming because its RNAs need to be prepared using in vitro transcription system. However, using the CRISPR/Cas9 system by injecting a crRNAtracrRNA-Cas9 complex as shown in this study is simple and stable, can induce biallelic mutations at an earlier stage because Cas9 protein but not the mRNA is used (Kotani et al. 2015) , and has potential to facilitate F0 mutant analysis by targeting the deletion of a functional domain using two flanking crRNAs. Therefore, this system may be useful and extremely effective for teleosts and other vertebrates.
We selected two genes, the germline-specific dnd and the germline-nonspecific avt, to establish this system. It has been reported that dnd encodes an RNAbinding protein and is a critical specifier of primordial germ cells (PGCs) in medaka (Liu et al. 2009; Hong et al. 2016) . Moreover, Dnd depletion by dnd knockdown specifically abolished PGCs and its over-expression boosted PGCs (Hong et al. 2016) , suggesting that Dnd dosage controls the PGC number in medaka. However, other studies reported that avt, a nonmammalian homologue of arginine vasopressin, was expressed mainly in the brain (Kawabata et al. 2012 ) and involved in mate-guarding behavior in medaka (Yokoi et al. 2015) . In this study, we checked the phenotypes of dnd and avt knockouts using olvas-DsRedExpress Tg medaka (Hayashi et al. 2010) , which allows us to monitor germ cells by DsRed fluorescence in living individuals. This resulted in the complete loss of germ cells in dnd knockout fry and adults of both sexes, similar to a previous study (Hong et al. 2016) , but not in avt knockout fry. These results suggest that this phenotype is specific for dnd knockout medaka.
We carried out off-target analysis to assess the targeting specificity of our CRISPR/Cas9 system. First, we searched the genomic sequence for potential off-target sites for dnd and avt-crRNAs and found two sites with two base-mismatched sequences for dnd and avt target sequences. In four samples with induced dnd mutations, only one sample was confirmed to have one deleted mutation in the dnd target-like sequence, whereas in four samples with induced avt mutations, all samples were confirmed to have indel mutations in the avt target-like sequence. These results indicate that the targeting specificity differs depending on the crRNA and that two mismatches are tolerated. This finding is consistent with a recent study using the CRISPR/Cas9 system by injecting specific gRNA and synthetic Cas9 RNA in zebrafish (Jao et al. 2013) .
In summary, we successfully generated F0 dnd knockout medaka using the CRISPR/Cas9 system by injecting a crRNA-tracrRNA-Cas9 complex. The genomic mutations were biallelically integrated at the one-cell stage. Moreover, the germ cells were completely lost in all dnd knockout medaka investigated in this study, suggesting loss of function of dnd in the injected embryos. Therefore, this system appears to be extremely effective for the production of F0 knockout medaka.
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Animals
The olvas-DsRedExpress Tg FLFII medaka line was used (Hayashi et al. 2010) . This stock allows the identification of genotypic sex by the appearance of leucophores at 2 days post-fertilization, before the onset of sex differentiation, but also the visualization of germ cells by DsRed fluorescence in living individuals. Fish embryos were maintained in ERM (17 mM NaCl, 0.4 mM KCl, 0.27 mM CaCl 2 .2H 2 O, 0.66 mM MgSO 4 , pH 7) at 26°C under a 14-h light and 10-h dark cycle. Fry images were captured using BZ-9000 BioRevo (KEYENCE, Co., Osaka, Japan).
Preparation of crRNA, tracrRNA and Cas9 protein
The individual synthetic crRNAs and tracrRNA listed in Table S1 were obtained from FASMAC, Co. (Kanagawa, Japan), and recombinant Cas9 protein was obtained from PNA Bio Inc. (Thousand Oaks, CA, USA) (Sung et al. 2014) . The Cas9 protein was dissolved in 20% glycerol buffer, and crRNAs and tracrRNA were dissolved in sterilized water at concentrations of 5 lg/lL, 1 lg/lL and 1 lg/lL, respectively, and then stored at À80°C until use.
Microinjection
Microinjection was carried out in medaka embryos at the one-cell stage using Nanoject II (Drummond Scientific Co., Broomall, PA). Cas9 protein (500 ng/lL), tracrRNA (200 ng/lL) and two crRNAs (each 100 or 400 ng/lL) were simultaneously injected into the embryos. After injection, the embryos were maintained in ERM at 26°C using Incubator MIR-153 (SANYO Electric Co., Ltd., Hokkaido, Japan).
Genotyping
To prepare genomic DNA, one-cell stage embryos or the head area of the fry at 0 dph was incubated in ProK buffer (0.1 lg/ lL proteinase K (Invitrogen, Carlsbad, CA, USA), 10 mM TrisHCl, pH 8.0, 12.5 mM KCl, 1.5 mM MgCl 2 ) at 55°C for 30 min, re-incubated at 55°C for 10 min after vortex and finally incubated at 95°C for 10 min. Genomic PCR was carried out as previously described (Murozumi et al. 2014) . For one-cell stage embryos, the first PCR was carried out using primers specific for dnd (5ʹ-AGGTGGTGAACTTGGAGCGG-3ʹ and 5ʹ-CTGCAGCAGCTCCTCCTGC-3ʹ) or avt (5ʹ-CGT CCACACCGACAGCCTGC-3ʹ and 5ʹ-CAGCAGCTCTG CAGGCGAGC-3ʹ) by KOD FX Neo (Toyobo) and the nested PCR was carried out using the following primers for dnd (5ʹ-GGAGCGGGTCCAGGCACTTC-3ʹ and 5ʹ-TGGTGGAAG CTGGCAGGTTC-3ʹ) or avt (5ʹ-CCGACAGCCTGCAGC GATGC-3ʹ and 5ʹ-GCGTCCTCCCTCTGATCCAC-3ʹ) by AmpliTaq â Gold. The conditions of the first PCR were as follows: preheating at 95°C for 10 min, 45 cycles of PCR at 94°C for 30 s, 67°C for 30 s, 72°C for 1 min and a final extension at 72°C for 5 min. The conditions of the nested PCR were as follows: preheating at 95°C for 10 min, 45 cycles of PCR at 94°C for 30 s, 59°C for 30 s, 72°C for 1 min and a final extension at 72°C for 5 min. Genomic PCR of the 0-dph fry was carried out using primers specific for dnd (5ʹ-AGGTGGTGAACTTGGAGCGG-3ʹ and 5ʹ-CTGCAGCAG CTCCTCCTGC-3ʹ) or avt (5ʹ-CCGACAGCCTGCAGC GATGC-3ʹ and 5ʹ-GCGTCCTCCCTCTGATCCAC-3ʹ) by AmpliTaq â Gold. The conditions were as follows: preheating at 95°C for 10 min, 35 cycles of PCR at 94°C for 30 s, 67°C for 30 s, 72°C for 1 min and a final extension at 72°C for 5 min. The genomic PCR for off-target analysis was carried out using primers specific for dnd-1-like sequence (5ʹ-AGTGA TGTCAACTGTGCTCC-3ʹ and 5ʹ-ACTTTGCCAGAACC TGATGC-3ʹ) or avt-2-like sequence (5ʹ-TGAGGTCTAGA TTTGATCAG-3ʹ and 5ʹ-CATTCACCACTTGTATGATC-3ʹ) by AmpliTaq â Gold. The conditions were as follows: preheating at 95°C for 10 min, 35 cycles of PCR at 94°C for 30 s, 61°C for 30 s, 72°C for 1 min and a final extension at 72°C for 5 min. PCR products were subcloned into a pT7Blue vector (Novagen) and sequenced with the GenomeLab TM GeXP Genetic Analysis System (Beckman Coulter, Fullerton, CA).
Histological analysis
Fry fish at 0 dph were fixed in Bouin's solution at 4°C overnight, embedded in paraffin, sectioned serially at a thickness of 5 lm and stained with hematoxylin and eosin, and then, germ cells were counted for each fish under a microscope (MZFL III, Leica Microsystems, Wetzlar, Germany). Adult fish at approximately 2 months of age were fixed in Bouin's solution at 4°C overnight, embedded in paraffin, sectioned serially at a thickness of 5 lm and then stained with hematoxylin and eosin as previously described (Murozumi et al. 2014) . Figure S2 The mutation patterns of dnd-1 and avt-2 like sequences in dnd CRISPR or avt CRISPR fry confirmed dnd or avt mutations. 
